Introduction
Memristors are promising candidates for both neuromorphic computing and next generation nonvolatile memory applications [1] [2] [3] [4] [5] [6] [7] because of their scalability [3, 8] , 3D stacking potential [9] [10] [11] , and a close resemblance to the operating characteristics of synapses [1, 4, 7, 12, 13] . These applications typically require a large crossbar array of memristors, in which sneak path currents from neighboring cells during a write or read of a target cell can severely impede the proper operation of the array. Numerous access devices coupled with a memristor at each crosspoint of the array have been introduced to tackle this critical issue [14] [15] [16] . Among those devices, a two-terminal thinfilm-based selector may address the issue without compromising the scalability and 3D stacking capability of the memristor. A low OFF-current and a high selectivity of the selector are crucial to enable large crossbar arrays.
Examples of conventional two-terminal thin-film based selectors include Schottky diodes [17] , tunneling junctions [18, 19] , ovonic threshold switches (OTS) [20] [21] [22] [23] and metal-insulator transitions (MIT) [24] [25] [26] [27] [28] . Kim et al. has demonstrated 32×32 crossbar array composed of a stacked Schottky diode and a unipolar memristor. [17] We also have recently demonstrated a highly repeatable selector based on a crested tunnel barrier with essentially unlimited endurance, [19] but the 10 5 nonlinearity obtained in these tunneling selectors may still not be sufficient for applications where ultra-large arrays are needed. Other selectors, such as mixed-ionic-electronic conduction (MIEC) [29] [30] [31] and FAST [29, 30] have been reported with attractive performance but undisclosed materials. The concept of using engineered materials by doping fast diffusive species into dielectrics has recently been introduced [32] and demonstrated with improved nonlinearity and transition slope [33] [34] [35] [36] [37] . However, high operating current (e.g. >100 μA) and fast OFF-switching speed (e.g. < 500 ns) of this type of selectors have not yet been unambiguously demonstrated.
Moreover, the operation mechanism, especially the RESET process in which devices relax back from their ON state to the OFF state under zero voltage bias, remains unclear. Although hypotheses based on Rayleigh instability, electronic tunneling, and opposing chemical/mechanical force has been proposed for Ag and Cu based systems in an attempt to explain the underlying RESET transition, a detailed experimental study of the microstructure and composition of the conducting channel responsible for the volatile switching is still lacking. [33, 38, 39] We report here a new symmetric bidirectional threshold switching selector device with features including high selectivity of 10 10 , steep turn on slope of <1 mV/dec, high endurance beyond 10 
Results and Discussion
Two types of Metal-Insulator-Metal (MIM) structures, asymmetric Pd/HfOx/Ag and symmetric Pd/Ag/HfOx/Ag/Pd cross-point stacks, were prepared as schematically illustrated in Figure 1 (b) corresponds to a negative current that can be attributed to the nano-battery effect [40] . By setting the read voltage (Vread) to 0.2 V and the half-read voltage (Vread/2) to 0.1 V, the 100 switching cycles in Figure 1 (b) yield a selectivity of ~10 10 in terms of the median currents at the two voltages and a maximum selectivity of 6 ×10 11 , which is the highest reported in any type of selector so far [29, 30] . The turn-ON slope was <1 mV/decade, which is also the sharpest reported so far [34] . Symmetrical bidirectional volatile switching was observed in a structurally symmetric Pd/Ag/HfOx/Ag/Pd stack, as shown in Figure 1 (c) where devices show no noticeable deterioration after 100 cycles. Both devices feature a low OFF current of 10 -14 A (at 0.1 V), which is also the lowest reported so far. [33] A device-to-device variation on the same wafer was tested on ten devices. (See Supplementary
Information Figure S1 The fastest switching observed in these devices exhibited a transition from high resistance state (HRS) to a low resistance state (LRS) within 75 ns when a 2 V pulse was applied, which is comparable to that of a typical memristor, [10] and relaxation back to the HRS within 250 ns after the bias was removed, as indicated by Figure 2(a) . Note that the turn-ON time could be shorter than 75 ns with a pulse of a higher magnitude, given that the turn-ON time is inversely proportional to the exponential of the amplitude of the driving voltage pulse as reported for CBRAM [41] . The device exhibited an endurance over a hundred million cycles. Figure S3 (c)), yielding a fitted Ag hopping barrier of 0.21 eV, which is close to that in a Ag doped silicon oxynitride. [44] We fabricated a vertically integrated cell consisting of a Pd/Ag/HfOx/Ag/Pd threshold switch on top of a Pd/Ta2O5/TaOx/Pd memristor with a Pd layer as a shared middle electrode (ME), as shown device, which is likely caused by Ag migration into both the dielectric and electrode layers during electrical cycling [46] . As highlighted by the two white arrows, the Ag profile of the EDS maps in the operated device revealed two detectable Ag protrusions with a cone-like shape, one residing in the top electrode pointing downwards while the other standing on the bottom electrode pointing upwards. Being a poor Ag ion conductor and unable to dissolve Ag chemically, HfOx makes Ag + easy to be chemically reduced within the dielectrics due to low ion mobility and low redox reaction rate, yielding the observed cone shaped Ag filament which grows from the Ag source rather than having Ag deposition on the opposite anode. [47, 48] However, neither of the protrusions completely bridged the dielectric between the top and bottom electrodes, which is different from the behavior typically observed in CBRAM [46, 48, 49] . The incomplete bridging was further verified by EDS line scans of the Ag peak along the white dashed lines shown in Figure 4 (e), which also showed a clear narrowing of the dielectric layer thickness. This agrees with the experimental observation that those devices relax back to the HRS after the switching voltage is removed. In addition, the nanocrystalline monoclinic phase of HfO2 was observed adjacent to the broken bridge (see Figure   4 (f)), a common aftereffect of Joule heating during the operation of the device [50] .
In the light of the observed microstructure of the volatile switch, we developed a switching model based on both the Gibbs-Thomson effect, interfacial energy minimization [40, [51] [52] [53] [54] and migration of Ag nanoclusters due to both thermal driven diffusion and bipolar electrode effects [47, 49] , to quantitatively interpret the observed threshold switching in both asymmetric Pd/HfOx/Ag and symmetric Pd/Ag/HfOx/Ag/Pd threshold selectors. [44] This model links electrical, nanomechanical and heat degrees of freedom. This will decrease the resistance and enable more current to flow till reach the compliance conductance and the Ag atoms form a connected filament bridging both electrodes as shown in Figure S6 ) In addition, the dissolution of the filament may also be influenced by the observed Nernst potential, diffusion potential, together with Gibbs-Thomson effect, which constitute the nano-battery effect. [40, 53] (See Supplementary Information Figure S7 )
This threshold switching process of Pd/HfOx/Ag selector is schematically illustrated by Figure   5 (e) as well. However, with a reversed biasing polarity, the Ag would not fill the gap due to the dominant bipolar electrode effect over thermal driven diffusion, as shown by the Figure 5(b4-b6) .
This differs from a symmetric Pd/Ag/HfOx/Ag/Pd threshold selector which exhibits nonpolar switching as depicted by Figure 5 Figure S8 and S9). However, if the mobility is sufficiently high, the dielectric layer is thin and the temperature decays slowly, Ag atoms may be able to diffuse to the electrodes and form protrusions on the surfaces of the electrodes.
Conclusion
We Ag nanoparticles dynamics simulation To simulate both symmetric and asymmetric memristors, we adopted the model which has successfully described memristors with diffusive dynamics. [44] The model links electrical, nano-mechanical and heat degrees of freedom. The diffusion of Ag nano-clusters can be described by a Langevin equation
where positions describe cluster locations inside the HfO2 layer at time , is cluster viscosity, is the potential energy, the term here ignore pinning potential responsible for relaxation of the diffusive memristor. [44] The temperature relaxation is described by the Newton's cooling law:
with the Joule heating power = 2 / , heat capacitance , the heat transfer coefficient and the background cluster temperature 0 chosen to be 0.063 / to avoid spontaneous excitation of the memristor to its low resistance state at zero applied voltage. On the other hand, the induced charged was chosen such that it reduces the activation barrier to its low resistance state by factor 2 and the heat capacitance was chosen such that the effective cluster temperature is of the order of the potential wells in the memristor low resistive state (note that the actual system temperature and the macroscopic-cluster temperature can be significantly different). All times in simulations were measured in temperature relaxation time 1/ and sweep time was chosen 1000/ to ensure that sweeping is slower than all relaxation processes.
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